Small (3.5 1) laboratory microcosms containing water, sediment and Elodea canadensis were treated with the herbicides diquat and terbutryne. After treatment total numbers of planktonic bacteria increased significantly by 3-1 1 -fold and heterotroph counts also rose significantly, by 3-23-fold but the population increases of exoenzyme-producing bacteria (3-1 13-fold) were not always significant. As the plants stopped photosynthesizing and decomposed, pH and dissolved oxygen concentrations declined, whilst alkalinity and free C 0 2 concentrations increased. All these changes were very similar to results from analogous experiments in natural waters and microcosms are recommended as substitutes for field experiments with aquatic herbicides.
INTRODUCTION
Microcosms are laboratory systems which attempt to simulate conditions in the environment, or in specific parts of the environment (Parkes, 1982) . The development of microcosms in research has centred upon continuous-and batch-culture systems. Continuous-culture systems are frequently used with pure cultures or simple mixtures of micro-organisms, physical factors are strictly regulated and the chemistry of the growth medium is defined (Parkes, 1982) . Conversely, batch-culture systems are unregulated and have been designed to closely mimic natural ecosystems; they are also simple and can be replicated easily. These advantages are particularly important for aquatic herbicide testing where replicate sites are rarely available. Additionally, herbicides which are not yet cleared for aquatic use cannot be put into natural waters (Ministry of Agriculture, Fisheries and Food, 1979) but may be used in microcosms. These characteristics make microcosms potentially invaluable tools for screening purposes.
Microcosms used for testing herbicides have usually contained water, plants and sediment (Frank et al., 1961 ; Hodgson & Otto, 1963) but have varied in size from 500 ml (Robson et al., 1976) to over 50 1 (Ferebee & Guthrie, 1973; Simsiman et al., 1972) . Such microcosms, although intrinsically variable (Cooke, 1977) are similar in terms of community metabolism (Abbot, 1966) and the succession of changes that occur in them (Cooke, 1967) .
Little work has been done to ensure that microcosms are either valid overall simulations of field conditions or adequate systems for studying aquatic bacteriology in the laboratory. The aim of the work presented here was to determine whether the effect of herbicide treatment on the bacteria and water chemistry of microcosms was the same as that found in natural lentic waters.
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(cross-sectional area 130 cm2 ; volume 3.5 1). After settling for 24 h, Elodea (40 g fresh weight) was added. This was equivalent to 3 kg fresh weight m -2, which was similar to densities encountered in analogous field experiments using the herbicide paraquat (Fry & Humphrey, 1978a; Fry et al., 1973 , 1975) and corresponds to the light that would reach a depth of 2-3 m in a clear lake (Wetzel, 1975) . Herbicide treatment. Diquat (Reglone 40, ICI) was added to the surface water in the microcosms as a dilute aqueous solution, to give a final concentration of 1 mg 1-I. Terbutryne (Prebane, CIBA-Geigy) was similarly added to microcosms at a final concentration of 0.05 mg I-'.
Sampling. Water samples (10 ml) for bacteriological enumeration were taken from the surface 5 cm using an autoclaved universal bottle. Samples for the determination of dissolved oxygen were taken with acid-washed glass syringes (10 ml) and those for other water chemistry variables were taken from a sample obtained with a plastic syringe (50 ml). All samples were taken at noon each day. Sediment cores were taken with open ended glass tubes. Unless otherwise stated, all samples for bacterial enumeration were taken from three microcosms and pooled. Samples for other variables were analysed separately and the results averaged.
Enumeration oJ bacteria. To remove bacteria from the sediment, 10 g subsamples were mixed with 90 ml autoclaved distilled water and treated in a Stomacher40 (Colworth, A. J. Seward & Co., London, UK) for 5 min (Sharpe & Jackson, 1972) . Bacteria were counted immediately after sampling using 1 ml subsamples of both water and stomacher-treated sediment. The plate-dilution frequency technique (Harris & Sommers, 1968) was used with eight drops at each dilution. It was modified for counts of viable heterotrophs by counting colonies from each drop, but was used unmodified to enumerate exoenzyme producers. Counts were done on Casein-peptone-starch medium (CPS; Collins & Willoughby, 1962) with modification for enumeration of exoenzyme producers (Fry & Humphrey, 1978b) . These media were incubated at 18 "C for 8 d. Total counts were obtained by an acridineorange epifluorescence method (Fry & Zia, 1982) .
Derermination of dissolced oxygen concentrations. Dissolved oxygen was determined by a Winkler titration procedure (Golterman & Clymo, 1969) with modifications to some of the reagents (Montgomery et al., 1964) . Water samples were fixed in the glass syringes by adding reagents through the h e r fitting which was then sealed with a hypodermic needle and rubber bung. A voltimetric back titration proposed by Talling (1973) was used and the calculations of dissolved oxygen were corrected for water density.
Other chemical cariables. Total carbon dioxide was measured by the Gran titration method (Talling, 1973 ) and free carbon dioxide was calculated from the same water sample (Mackereth et al., 1978) . The concentration of anions of weak acids, which in most natural waters is mainly bicarbonate and is commonly called alkalinity (Stumm & Morgan, 1981 ; Mackereth et al., 1978) , was measured by titration with hydrochloric acid to pH 4.5 (Golterman & Clymo, 1969) . The pH was measured with a portable pH meter (EIL 30C).
Macrophyre decomposition rates. To estimate macrophyte biomass, entire microcosms were taken at intervals and the plant material dried at 105 "C to constant weight. Degradation rates were calculated according to Jewel1 (1971) .
Statistical merhods. Unless otherwise stated, confidence limits were calculated for viable heterotrophs from the numbers of colonies growing from the eight replicate drops used. Exoenzyme producers, which were enumerated using the unmodified platedilution frequency method, had fixed, predetermined confidence limits (Harris & Sommers, 1968) . Two-way analysis of variance was used to test for significant differences between sets of data from treated and untreated microcosms. All other statistical analysis was done as previously described by Fry et al. (1973) .
RESULTS
The water in all the untreated microcosms was clear and the Elodea remained green and healthy until between 20 and 30d after the experimental microcosms had been treated. Thereafter, the walls of the control microcosms became colonized with algae and sampling in all microcosms had to stop, because they were no longer similar to natural waters. The biomass of Elodea in the control microcosms did not change during incubation because the regression line of biomass against time ( Fig. 1) was not significantly different from zero (slope = -0.05, P >
0.2).
In the treated microcosms, Elodea was killed by the herbicide and visible decomposition occurred. Both biomass regression lines after treatment ( The changes in numbers of planktonic bacteria in triplicate control or treated microcosms were similar with different sampling regimes. In one typical experiment (Fig. 2) counts of viable heterotrophic bacteria were made with two different sampling strategies : single samples obtained from three microcosms and three pooled samples obtained by mixing individual samples from the three microcosms. Two-way analysis of variance showed that the mean results from these two sets of counts were not significantly different ( Fig. 2 ; P > 0.2). The changes in numbers with both estimates closely followed each other. As expected the variances (s2) of the log,,-transformed data from the separately counted means (n = 3) were larger (mean s2 = 0.0473) than those from the pooled samples (mean s2 = 0.00805; n = 3). With the pooled samples the variance obtained from the replicate drops (n = 8) used in the viable counting procedure was significantly larger (mean s2 = 0.0605) than the pooled-microcosm variance (n = 3), but was not significantly different from the variance from single microcosms (n = 3). Very similar results were obtained in analogous experiments using terbutryne and after enumeration of viable exoenzyme-producing bacteria. All further counting was done with one pooled sample from three replicate microcosms, for the following reasons. The use of pooled samples from three microcosms reduced the chance of obtaining spurious results from an unusual microcosm. It was much quicker to count one sample and to use the number of colonies in individual drops (n = 8) 
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t Significance of the differences between treated and control counts as assessed by two-way analysis of variance 3 In most experiments with terbutryne there were two periods in which treated microcosms had considerably are given; ns, no significant difference; *, P < 0.05; **, P < 0.01 ; ***, P < 0.001.
higher counts than controls; values for both periods are given when observed. as the replicates for analysis of variance. The larger variances obtained with this approach would not overestimate the significant differences between treated and untreated microcosms. Counts of planktonic and sediment bacteria (Fig. 3 ) obtained after treatment with diquat and terbutryne showed consistently similar patterns when compared with the results from untreated microcosms (Table 1) . In diquat-treated microcosms, counts of viable heterotrophs (Fig. 3 a) , viable protease producers (Fig. 3 c) and total numbers were significantly greater (Table 1) than the control counts from day 1 until about lOd after treatment. After this, no significant difference between the counts was observed. Thus diquat treatment caused a single peak in bacterial numbers with a maximum about 7 d after treatment. Similar trends were observed with viable amylase-producers, but the differences were only significant in one experiment (Table 1) .
In most experiments using terbutryne there were two periods where the counts of planktonic bacteria were significantly greater than the control (Fig. 3b) . Thus two peaks in bacterial numbers over the controls occurred and are summarized in Table 1 . These peaks had maxima at about 3 and 12 d after treatment and had returned to control values by about 8 and 18 d in most cases. The differences were always significant with counts of viable heterotrophs and total numbers, but as with the diquat experiments, fewer differences were significant with viable amylase-producers. In contrast to the diquat experiments, there were no significant differences between the counts of protease-producing bacteria.
Counts of viable heterotrophic bacteria in sediment were examined in one experiment with terbutryne treatment (Fig. 3d) . In both control and treated microcosms numbers increased significantly during the experiment. There were only significant differences between the counts in the treated and control microcosms at times corresponding to between 12 and 18 d after treatment. These results were essentially similar to the planktonic counts but without the initial peak at about 3 d.
The physico-chemical variables examined changed mainly as a result of plant death and the consequent lack of photosynthesis (Fig. 4) . Light-and dark-bottle experiments used to estimate macrophyte photosynthesis and respiration showed that Elodea stopped photosynthesizing within 24 h of terbutryne treatment, but that respiration continued for 2 d. The dissolved oxygen decreased rapidly after treatment with both herbicides (Fig. 4 4 . Concentrations of dissolved oxygen in the diquat-treated microcosms were initially lower than in the terbutryne-treated vessels and reached a minimum value of 0.8 mg O2 1-on day 6. The terbutryne-treated vessel Microcosm experiments used diquat, field experiments used paraquat.
had reached its minimum of 0 mg O2 1-by day 10. After both treatments the lack of photosynthesis caused increases in carbon dioxide ( Fig. 4c ; Table 3 ) and bicarbonate, expressed as alkalinity (Fig. 4b) , and these changes caused the drop in pH observed after terbutryne treatment ( Fig. 4a ; Stumm & Morgan, 1981) .
DISCUSSION
Several published studies report the effects of paraquat on planktonic freshwater bacteria and water chemistry in natural bodies of water (Fry et al., 1973; Brooker & Edwards, 1973; Fry & Humphrey, 1978a; Fry & Cragg, 1983) . Also available are more detailed reports of this type of field-based experiment using paraquat (Humphrey, 1977) and terbutryne (Cragg, 1980) . Summaries of the main bacterial (Table 2 ) and physico-chemical (Tables 3 and 4 ) results of these field-based and microcosm experiments show great similarities between the two types of experiment. For example, in the comparisons of the bacterial counts (Table 2) the number, timing and magnitude of the peaks are all very similar. The changes in pH, alkalinity and total carbon dioxide were also similar in field and microcosm experiments. Free carbon dioxide was not measured in the microcosms after terbutryne treatment and pH was not measured after diquat treatment. However, changes in both these variables would undoubtedly have been the same for both herbicides because of the equilibria between pH, carbon dioxide and alkalinity in natural waters (Stumm & Morgan, 1981) . The observed changes in oxygen concentration in the microcosm experiments with diquat are also closely comparable with those of Simsiman et al. (1972) who used 68 1 microcosms and recorded an oxygen minimum of 1.5 mg 1-l .
The major difference between microcosm experiments and the results of the field work was that for diquat the viable bacterial counts in the microcosms returned to those of the control rather earlier than in the natural water bodies. For example, in one field-based experiment using paraquat (Fry et al., 1973) this return took 17-22 d but only took 10 d in the microcosms treated with diquat. Results using diquat and paraquat can validly be compared, as these two bipyridylium herbicides are chemically very similar and have essentially the same mode of action (Funderbunk & Bozarth, 1967; Dodge, 1971) . Total counts with diquat and all counts with terbutryne returned to control values at very similar times in the field and microcosm experiments. The comparisons presented show that microcosms can be successfully used in place of fullscale field experiments to determine the gross effect of herbicides on aquatic bacteria and water chemistry. Their use allows replication of experiments which cannot be done using natural habitats, because no two water bodies are sufficiently similar. Thus, direct comparisons of herbicides are more feasible. Microcosms are also desirable as they avoid the destruction of large stands of aquatic plants.
In conclusion, we would recommend the following. Small, 3.5 1 microcosms should be used, as larger microcosms seem unnecessary. The use of pooled samples from three microcosms is desirable to reduce the large variation in results sometimes observed between separate microcosms. The microcosm experiments should be continued for a maximum of one month or until algal growth is apparent on the glass walls. Only the broad pattern in the results obtained should be relied upon, too detailed an analysis of the results would be misguided.
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